Intraovarian factors play important roles in coordinating germ cell and somatic cell growth in the ovary. Prior to the onset of gonadotropin stimulation and reproductive cyclicity, follicle development is dependent upon locally produced growth factors, such as the transforming growth factor beta family members inhibin, activin, and GDF9. In the absence of inhibin in prepubertal mice (Inha À/À
INTRODUCTION
Factors that control the development of postnatal folliculogenesis are critical in establishing a fully functional gonad capable of steroidogenesis, gamete production, and the maternal recognition of pregnancy. A large number of these intraovarian factors belong to the transforming growth factor b (TGFb) family, including inhibin, activin, growth and differentiation factor 9 (GDF9), anti-Müllerian hormone, and bone morphogenetic proteins. Genetically modified mouse models for ligands, receptors, intracellular signaling proteins, and antagonists of the TGFb family have provided key insights into the in vivo roles of these growth factors for both granulosa cell and oocyte development [1, 2] .
Female inhibin alpha knockout (Inha À/À ) mice develop granulosa cell tumors by 4-6 wk of age and die of an activindriven cancer cachexia before 19 weeks of age [3, 4] . Tumor foci appear in the Inha À/À ovary by 4-6 wk of age [4] , but full granulosa cell tumor development is dependent on adult levels of pituitary gonadotropins [5] [6] [7] . Prior to tumor initiation, prepubertal Inha À/À ovaries display disrupted folliculogenesis by 12 days of age [8] . At this age in Inha À/À ovaries, granulosa cell proliferation is accelerated and the resultant precocious follicle growth is accompanied by aberrant expression of multiple important growth factors, including kit ligand (Kitl) and the genes encoding the two isoforms of activin, Inhba and Inhbb [8] .
Because activin and GDF9 are known to have similar regulatory roles in granulosa cells (i.e., inhibition of Kitl expression and enhancement of proliferation) [9] [10] [11] , we previously suggested that these growth factors may have functionally redundant roles during folliculogenesis [8] . To investigate the contribution of GDF9 to the defects in the prepubertal Inha À/À ovary, we analyzed mice genetically deficient for both inhibin and GDF9 (Inha À/À Gdf9
À/À
). All Inha À/À mice and Inha À/À Gdf9 À/À double mutant mice die of granulosa cell tumors followed by a cachexia-related death in a similar time frame [12] . However, we hypothesize that deletion of GDF9 will rescue any reproductive abnormalities in the prepubertal Inha À/À ovary for those genes that are not redundant with activin, and thus provide insight into functional differences between activin and GDF9 during early follicle development.
MATERIALS AND METHODS

Experimental Mice
All the mouse lines used in the present study were maintained on a mixed C57BL/6/129S7/SvEv genetic background and manipulated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved animal protocols at Baylor College of Medicine. Ovaries were collected from mice at Postnatal Day (PND) 3, 6, and 12, with the day of birth considered as PND 0. Generation of Inha and Gdf9 single mutant and Inha Gdf9 double mutant mice was previously described [4, 12, 13] . PCR analysis of genomic tail DNA was used to genotype all the mice. Control and experimental mice of each genotype were collected from the Inha Gdf9 colony to reduce potential effects due to differences in genetic background. To increase genotype frequency, most crosses were set up between Inha þ/À Gdf9 Figure 2 were performed using Inha
females for Inha À/À (i.e., not heterozygous for Gdf9). These mice were also derived from the Inha À/À Gdf9 À/À colony, except they came from double heterozygous crosses.
Tissue Collection and Histologic Analysis
All the mice were anesthetized by isoflurane inhalation (Abbott Laboratories) and either euthanized by decapitation (prepubertal mice) or by cervical dislocation (adult mice). Ovaries for histological and immunohistological analyses were collected in either Bouin solution (Sigma-Aldrich) or 10% neutral buffered formalin (Electron Microscopy Sciences). Processing and embedding were performed at the Pathology Core Histology Facility at Baylor College of Medicine. Ovaries for gene expression studies were stored in RNAlater (Ambion) at À808C prior to processing for RNA.
For histological assessment, ovaries were serially sectioned into 4-6 lm sections and stained with periodic acid/Schiff reagent and hematoxylin. Morphometric analysis was performed similar to previous studies [8] .
Quantitative RT-PCR RNA was isolated using the QIAGEN RNeasy Microkit. RNA concentration was quantified using a NanoDrop SpectrophotometerND-1000 (NanoDrop Technologies). Complementary DNA was reverse transcribed from 200 ng of total RNA in a 20 ll reaction using High Capacity RNA-to-cDNA Master Mix (Applied Biosystems). Real-time PCR was performed using the Applied Biosystems StepOne Plus Sequence Detection System. Quantitative PCRs (qPCRs) of Inhba and Inhbb were performed using Taqman Master Mix and Gene Expression Assays and the following Taqman Assays: Inhba, Mm00434338_ml; Inhbb, Mm03023992_ml; and mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as an endogenous control [8] . Kitl1 and Kitl2 qPCR were performed using Fast Sybr Green Master Mix (Applied Biosystem) based on previously published primer sequences [14] that were specifically designed to amplified Kitl1 (forward: 5 0 -TGCAGCCAGCTCCCT-TAGGA; reverse: 5 0 -TGTAGGCCCGAGTCTTCA) and Kitl2 (forward: 5 0 -TTATGGTGGCATCTGACACTAGT; reverse: 5 0 -TGTAGGCCCGAGTCTT-CA). All the qPCR data was analyzed by the DD cycle threshold (CT) method using the ABI StepOne Plus Software and normalized to the endogenous reference (Gapdh). The mean 6 SEM were calculated, and the results were plotted using the relative expression of each target gene with each sample compared to the mean of the calibrator (Control, PND 12).
Statistical Analyses
Statistical analysis was carried out using SPSSX version 20 (IBM). Oneway ANOVA followed by the Fisher least significance differences (LSD) post hoc test were used for multiple comparisons, unless otherwise indicated. A minimum of three independent experiments were carried out for all the experiments, and P , 0.05 was considered statistically significant.
RESULTS
Loss of Both Inha and Gdf9 Results in Enlarged Ovaries and Precocious Follicle Development at PND 12
To determine if GDF9 contributes to the dysregulated postnatal folliculogenesis of Inha À/À ovaries, we genetically ablated Gdf9 from Inha À/À mice by generating Inha À/À Gdf9 À/À double knockout mice, similar to a previous study that analyzed tumor development in adult mice [12] . For this study, we analyzed follicle development in the prepubertal postnatal ovary. Control and Gdf9 À/À ovaries were approximately half the size of Inha À/À and Inha À/À Gdf9 À/À double mutant ovaries at PND 12 ( Fig. 1 ). Similar to adult Gdf9 À/À ovaries, PND 12 Gdf9 À/À ovaries contain follicles that do not progress beyond the primary stage of development [13] ; however, unlike ovaries from adult mice, at PND 12, Gdf9 À/À oocytes are not bigger than 50 lm (Fig. 1D ). As previously reported [8] , Inha À/À ovaries display a precocious follicular phenotype with large multilayered follicles, some of which exhibit small fluid filled cavities ( Fig. 1 , E and F). Gdf9 levels prior to development of the Inha À/À follicle defect (i.e., at PND 3) [8] are similar to the controls (Supplemental Fig. S1 ; all the Supplemental Data are available online at www.biolreprod. org). Abnormal growth of the postnatal ovaries in Inha À/À mice occurs in the absence of significant changes in serum folliclestimulating hormone (FSH) [8] . Serum FSH levels also do not change in postnatal Inha À/À Gdf9 À/À mice compared to controls or Inha À/À mice (Supplemental Fig. S2 and Supplemental Materials and Methods). The combinational loss of Inha and Gdf9 results in a morphologically similar phenotype to Inha À/À ovaries, with large multilayered follicles not evident in the agematched controls (Fig. 1, G The synchronized growth between the germ cell and somatic cells of the ovarian follicle at the early stages of growth is dependent upon locally produced growth factors such as GDF9 and KITL. For example, in the absence of Gdf9, primary follicles of adult ovaries contain large oocytes (up to 80 lm) that are likely due to the upregulation of Kitl in the Gdf9 À/À ovaries [13, 15] . In contrast, loss of the inhibin alpha subunit (and thus, a gain of activin production) results in very small oocytes (20-30 lm) and a loss of Kitl expression [8] . The inverse nature of these phenotypes led us to investigate the respective contributions of GDF9, KITL, and activin to the loss of synchrony between germ and somatic cell components. Morphometric analysis of oocyte versus follicle diameter showed that removal of Gdf9 from Inha À/À recovered the normal oocyte to follicle diameter relationship when oocytes were less than 20 lm in size (i.e., corresponding to primordial follicles; Fig. 2) . At an oocyte size of 20-29 lm, follicle diameter measurements for Inha À/À Gdf9 À/À were midway between control and Inha À/À ovaries, and not statistically different from either genotype. However, when oocyte diameters were over 30 lm, Inha À/À and Inha À/À Gdf9 À/À had similar follicle sizes that were abnormally enlarged compared to the controls (Fig. 2) . These data suggest that a GDF9-sensitive window exists prior to the early primary follicle stage of development (i.e., when oocytes are ,20 lm) in Inha Activin is an integral regulator of granulosa cell proliferation. Subunits encoding both activin isoforms (Inhba and Inhbb) are upregulated in Inha À/À ovaries at PND 12 [8] .
To investigate at what time point activin subunit expression is aberrantly expressed, Inhba and Inhbb were measured at PND 3, 6, and 12 in Inha À/À ovaries with and without Gdf9 (Fig. 3 ). These days were chosen to represent the different developing populations of follicles in the initial follicular wave (i.e., PND 3 corresponds to the initial appearance of primary follicles, while PND 6 corresponds to initial appearance of secondary follicles). Inhba was barely detectable in all the genotypes at PND 3 (Fig. 3A) . However, by PND 6, Inha À/À and Inha À/À Gdf9 À/À ovaries had a marked and similar expression of Inhba (Fig. 3C) . Expression levels of Inhba subunit continued to rise at PND 12 in all the genotypes except Gdf9
, where it remained low though not statistically different from the control (P ¼ 0.057) (Fig. 3E) . At PND 12, Inhba expression was statistically higher in Inha À/À Gdf9 À/À ovaries than in Inha À/À ovaries, and both were greater than control (Fig. 3E) .
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In contrast to Inhba, expression of the activin/inhibin bB subunit (Inhbb) was significantly increased at PND 3 in Inha À/À mice (Fig. 3B) . Removal of Gdf9 from Inha À/À significantly lowered Inhbb levels in Inha À/À Gdf9 À/À compared to Inha À/À (Fig. 3B) . By PND 6, levels of Inhbb were increased in Inha À/À Gdf9 À/À as compared to the controls, but were still reduced compared to Inha À/À (Fig. 3D ). In contrast, by PND 12, both Inha À/À and Inha À/À Gdf9 À/À had higher levels of Inhbb than control or Gdf9 À/À ovaries (Fig. 3F ). These data suggest that precocious expression of Inhbb in Inha À/À as seen at PND 3 and PND 6 depend on GDF9, and that Inhbb levels may be a key contributor to proliferation of granulosa cells seen in the earliest stages of follicle growth in Inha À/À ovaries (Fig. 2E ) We additionally measured expression of Kitl in the four genotypes at PND 3, 6, and 12 because both activin and GDF9 have been shown to suppress Kitl expression [9] [10] [11] 16] . The isoforms of Kitl show little difference at PND3 (Fig. 4, A and  B) . However, both isoforms are significantly suppressed by PND 12 (Fig. 4, E and F) . However, the levels of Kitl1 and Kitl2 are similar at all ages in Inha À/À and Inha
ovaries. Therefore, suppression of Kitl most closely reflects the overexpression pattern of Inhba (Fig. 3 , A, C, and E). 
arrowheads). E, F) Inha
À/À ovaries are much larger at PND 12 and contain large multilayer follicles (* in E) and abnormal asymmetric secondary follicles (arrows in F). G, H) Twelve-day-old Inha À/À Gdf9 À/À ovaries have a morphologically similar phenotype to Inha À/À ovaries with large multilayered follicles (* in G) that are not observed in age-matched controls or Gdf9 À/À alone. Boxed regions in the left panels are shown at higher magnification in the right panels. Bars ¼ 200 lm (A, C, E, G) and 50 lm (B, D, F, H).
LOSS OF Gdf9 MODIFIES THE Inha-NULL PHENOTYPE
The Loss of Gdf9 Enhances the Onset of Tumor Foci in
Ovarian tumors are microscopically evident by 4 wk of age in Inha À/À mice as foci of nodular proliferation [4] , but never observed in PND 12 Inha À/À ovaries (Fig. 5A ) [8] . In contrast, we readily identified areas of microscopic foci of early forming tumors at PND 12 in Inha À/À Gdf9 À/À ovaries (Fig. 5 , C and D) that resembled the tumor foci found in 4-wk-old Inha À/À ovaries (Fig. 5B) [4] . Tumors are also visible in Inha À/À Gdf9 À/À ovaries at 3 wk of age [12] . These data indicate that the loss of Gdf9 from Inha À/À ovaries enhanced the onset of the tumor development, which is typically observed approximately 2 wk later in Inha À/À ovaries.
DISCUSSION
Activins, inhibins, and GDF9 are key players in mammalian folliculogenesis. Alone, or in conjunction with other signaling pathways, these growth factors play important roles in maintaining oocyte and granulosa cell integrity. In the present study, we describe novel data that highlight the interrelationship between activin, inhibin, and GDF9 during early folliculogenesis and focus on how misregulation of these factors during postnatal life leads to adult ovarian dysfunction, including cancer development. In the current study, our aim was to extend our previous investigations of the aberrant folliculogenesis in the prepubertal Inha À/À mouse and to dissect the distinctive roles of activin and GDF9. Using single and double knockouts for Inha and Gdf9, we were able to further identify the mechanisms into how misregulation of these growth factors 
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affects pre-and postpubertal folliculogenesis, eventually resulting in granulosa cell tumor development.
The interrelationship between activin, inhibin, and GDF9 is highlighted by the contributions of each of these growth factors in their respective knockout mouse model. A summary of these changes is shown in Table 1 . A critical role for GDF9 during early follicular development is supported by the striking appearance of Gdf9 À/À ovaries, which in adult mice exhibit large oocytes that arrest during the one-layer primary stage (3b stage) of development [12, 13, 17] . Arrested primary follicles in Gdf9 À/À ovaries have elevated inhibin a [12, 13] , which inhibits granulosa cell development via loss of activin production and/or signaling. Removing Inha from Gdf9 À/À allows follicles to progress further, presumably by increasing levels of activin [12] .
In the present study, we discovered a stage-specific role for Gdf9 in the Inha À/À ovary prior to the development of stage 3b follicles. Primordial and primary follicles are characterized by a small oocyte (less than 30 lm in diameter) surrounded by unilaminar pregranulosa or granulosa cells, respectively. In Inha À/À ovaries, we observed small oocytes encapsulated by multiple layers of granulosa cells, confirming a dysregulation between germ and somatic cell components [8] . Genetic ablation of Gdf9 from Inha À/À ovaries restores the follicle diameter back to appropriately sized oocytes in unilaminar follicles when oocytes are less than 20 lm. This suggests that it is GDF9 that is ultimately responsible for the initial desynchronization of oocyte and granulosa cell growth in Inha À/À ovaries. The initial alteration in follicle growth also appears to hinge on premature Inhbb expression in Inha À/À at the time of primary follicle formation (i.e., PND 3). Thus, in Inha À/À ovaries, GDF9 causes an upregulation (either directly or indirectly) of Inhbb and, subsequently, an improper initiation of granulosa cell growth. A direct regulation is supported by the demonstration that recombinant mGDF9 upregulates Inhbb in both control and Inha À/À granulosa cells (Supplemental Figure S3) . Other studies have shown that recombinant GDF9 upregulates INHBB mRNA in cultures of human granulosa-luteal cells [18] . In addition, at 12 days of age, Gdf9 À/À mice have reduced levels of Inhbb, as do adult Gdf9 À/À ovaries [17] . We have previously reported that PND 12 Inha À/À ovaries contain large multilayered follicles greater than 90 lm in diameter, reminiscent of follicles observed in 3-wk-old wildtype mice [8] . In this study, we found that this phenotype was observed irrespective of the presence or absence of Gdf9. Because of the significant increases in Inhba and Inhbb after PND 6, as well as the morphologic similarity between Inha
, we propose that it is primarily excessive activin production that is responsible for the more advanced follicular structures. In addition, our previous model hypothesized that in the absence of inhibin, activin and/or GDF9 suppressed Kitl, resulting in the loss of a key trophic signal required for oocyte growth [8] . Therefore, we examined the expression of Kitl in the single and double knockout mice to identify differences between GDF9 and activin regulation of Kitl. 
Gdf9
À/À ovaries, and at this time, levels of Inhba and Inhbb are much higher than at PND 6, particularly Inhbb. The latter data support studies that show that activin may preferentially suppress the Kitl2 isoform and therefore juxtacrine signaling (Kitl2 encodes the membrane-bound form of KITL [19] ). However, based on our data, we further suggest that activin's effect on Kitl might be dose-dependent, with higher levels of activin able to suppress both forms of Kitl.
In addition to regulating the growth dynamics between germ and somatic cells, intraovarian factors also play significant roles in maintaining the differentiation state of granulosa cells. Granulosa cells have a regulated program of differentiation that involves marked cellular and molecular changes [20, 21] . In the Inha À/À ovary, either with or without GDF9, granulosa cells show excessive proliferation and eventually form granulosa cell tumors [3, 4, 12] , while deletion of Gdf9 by itself does not. To our surprise, deletion of Gdf9 from Inha À/À mice enhanced the onset of granulosa cell tumor foci comparable to those observed in ovaries from 4-6 wk-old Inha À/À mice, a time correlating with sexual maturity and surge of pituitary gonadotropins [4, 6] . Pituitary gonadotrophins are known modifiers of the tumor phenotype of the Inha À/À ovary, and remarkably only ablation of both gonadotropins is able to prevent full tumor formation, though not the onset of tumor lesions [5] [6] [7] . We therefore hypothesize that oocyte-derived GDF9 is a key paracrine factor for maintaining Inha À/À granulosa cells in a nontumor phenotype, and we suggest this protects granulosa cells from other paracrine interactions that cause atypical differentiation leading to tumor formation. In a wild-type ovary, stimulation of the gonadotropins results in ovulation and formation of corpora lutea. However, Inha À/À granulosa cells respond to gonadotropin stimulation with an altered gene expression pattern [22] . We hypothesize that in ovaries of sexually mature Inha À/À mice, stimulation by the gonadotropins increases both granulosa cell proliferation and net activin production, which contribute to excessive granulosa cell proliferation and ultimately oocyte loss. Loss of oocytes in the Inha À/À ovary would thus phenocopy deletion of Gdf9 and allow tumor foci to form. It is interesting to note that although the onset of the tumor lesions is much earlier in Inha À/À Gdf9 À/À mice (PND 12 vs. 4 wk of age), they eventually die of cancer cachexia-induced death at the same postnatal age as Inha À/À mice [12] . This suggests that regardless of the initial protective Single layer GC Single and multilayer GC 12 days """ """ 0 0 * GC, granulosa cell. Plus sign (þ) denotes expression in the wild type to which all others are compared, the number of arrows indicates relative increase or decrease in expression in the mutant mice, equal sign (¼) denotes similar expression to the wild type, and 0 denotes no expression. z Measured at PND 3.
LOSS OF Gdf9 MODIFIES THE Inha-NULL PHENOTYPE effects of GDF9, the progression of the disease in Inha À/À mice is primarily driven by gonadotropins and activin.
In summary, our findings demonstrate that Inha À/À Gdf9 À/À ovaries also exhibit a precocious follicle growth phenotype evident within the first 2 wk after birth, similar to Inha À/À ovaries. However, deletion of Gdf9 from Inha À/À ovaries reduces a subset of multilayer follicles containing abnormally small oocytes and restores aspects of the normal coupling of oocyte and granulosa cell growth at the earliest stages of folliculogenesis. In part, this is likely due to a reduction in pathologically higher Inhbb expression levels that is found in Inha À/À ovaries. Surprisingly, removal of Gdf9 from Inha À/À also advanced the onset of the tumor foci within the ovary to 12 days of age. Together, our data reveal a sequential role for GDF9 and activin during early folliculogenesis and a novel role for GDF9 in preventing tumorgenesis in the Inha À/À ovary. These are previously uncharacterized roles for GDF9 in the ovary and highlight the interrelationship of members of the TGFB family during early follicle development to maintain granulosa cells in the appropriate state of differentiation.
